Br speciation in hydrous silicate melts at high pressure has been investigated up to 7.6 GPa using Xray Absorption Spectroscopy (XAS) at the Br K-edge in a Paris-Edinburgh press. Br in silicate melts is surrounded by an average of 6 Na cations, a number slightly increasing with pressure (5.8 to 6.6), with a Br-Na distance increasing from 3.49 to 3.72 Å. Two oxygens, either from a water, an -OH molecule or from the tetrahedral silicate network, with an average Br-O distance of 1.80 Å, form the closest coordination shell around Br ions. The persistence of an alkali shell around Br, in a structure similar to crystalline NaBr, throughout the pressure range investigated shows that Br can be retained in the melt structure at relatively high pressure and supports the idea of its deep recycling. Finally, our results confirm that Br could be efficiently degassed with water at low pressures and that Br may also have been efficiently degassed along with water during the early stages of an oxidized magma ocean.
Introduction
The halogens (fluorine, chlorine, bromine and to a lesser extent iodine) influence the properties of silicate melts and play an important role in a range of magmatic and hydrothermal processes, from the evolution of magmatic systems to the transport of metals in fluids and the environmental impact of atmospheric emissions during degassing processes (e.g., Aiuppa et al., 2009; Baasner et al., 2013; Chevychelov et al., 2008; Edmonds et al., 2009; Pyle and Mather, 2009) . In order to predict the physical and chemical properties of silicate melts, the fluids that they exsolve, and the glasses that they form, a detailed knowledge of the solubility and speciation of halogens in silicate melts at relevant conditions of pressure and temperature is essential. Most previous experimental studies have focussed on the determination of their solubility, partitioning behaviour or diffusion at pressures relevant for degassing processes (P < 0.3 GPa) (Aletti et al., 2007; Baker and Balcone-Boissard, 2009; Bureau et al., 2000; Métrich, 2003, Signorelli and Caroll 2002; Webster, 1992) . In a more recent investigation conducted at pressures of up to 1.7 GPa, Bureau et al., (2010) suggested that the Br cycle in subduction zones is divided in two parts: one superficial cycle, with Br being returned to the atmosphere via volcanism, and another deeper cycle, with Br being recycled back to the mantle via silicate melts. This raises the question of the Br local environment in high-pressure silicate melts as a function of pressure, which is currently virtually unknown. Knowledge of the local structure is particularly important for activity-composition models, which are used to calculate the effects of mixing on the thermodynamic properties of a system. Experimental measurements are therefore needed to constrain the local structure around the halogens in order to further quantify their chemical behaviour (solubility, partitioning behaviour and diffusion) in the subducting slab, mantle wedge and Earth's mantle. In addition, such measurements will ultimately help to model halogen mobilization, transport and degassing in subduction zones or during the degassing of the magma ocean. In this context, X-ray absorption spectroscopy (XAS), and more particularly extended X-ray absorption fine structure (EXAFS) spectroscopy can play an important role as it is extremely sensitive to the short-range structure around selected atomic sites in both solid and liquid phases.
Indeed, in situ XAS measurements have previously been performed in hydrothermal diamond-anvil cells (HDAC) or autoclaves to characterize the speciation of diverse elements in geologically relevant environments at pressures of up to 2.4 GPa (Louvel, 2011; Louvel et al. 2012; Mayanovic et al., 2013; Testemale et al., 2009) . The preliminary in situ XAS work of Louvel (2011) in HDAC on Br speciation in aqueous fluids, hydrous haplogranitic and sodium disilicate melts at up to 2.2 GPa has shown that water molecules in the coordination shell of Br in the fluids are gradually replaced by Na ions as the amount of dissolved alkali silicates in the fluid increases. In the present work, we investigated the Br speciation in a hydrous alkali silicic melt at high pressure using XAS at the Br K-edge and a Paris-Edinburgh press. Here, the use of the Paris-Edinburgh press has enabled us to record high-quality data with stable experimental conditions at higher pressures and temperatures relevant to subduction zones and the upper mantle. We therefore focussed our study on the speciation of Br in a hydrous silicic melt up to 7.6 GPa and 1400 °C. XAS (EXAFS and XANES) analysis were conducted on the parent Br bearing glass at ambient conditions, on the melt at 2.1, 3.4 and 7.6 GPa at 1400 ± 70 °C, and on the resulting high-pressure quenched glasses. Six crystalline standards (CaBr 2 , FeBr 2 , NaBr, KBr, KBrO 3 , NaBrO 3 ) were measured to facilitate the modelling of the possible Br valences and chemical environments that may be present in the investigated melts and glasses.
Materials and Methods

Generation of high-pressure high-temperature conditions
For the in situ measurements, high pressure-high temperature (high P-T) conditions of up to 7.6
GPa and 1400 °C were generated using a Paris-Edinburgh press. We used a modified cell assembly calibrated by Van Kan Parker et al. (2010) , consisting of a 7/2.4 mm boron epoxy gasket, a graphite heater and an hBN pressure transmitting medium. We used nano-polycrystalline diamond (NPD) capsules synthesized at Geodynamics Research Center, Ehime University, Matsuyama, Japan (Irifune et al., 2003) 
Samples and characterization of materials
Silicic andesite samples from recent eruptions of Mt. Pelée (Martel et al., 1998) were first melted at 1450°C under atmospheric conditions for one hour before quenching to a glass in distilled water.
The glass was ground in an agate mortar under ethanol and re-melted to ensure chemical homogeneity. It was then doped with 4 wt% NaBr and 4 wt% H 2 O in a internally heated pressure vessel pressurized with an Ar-H 2 gas mixture, holding for forty-two hours at 1250°C and 0.2 GPa thus ensuring the presence of iron in its reduced form, Fe 2+ , in the parent glass. The composition of the parent glass and the quenched products recovered from the 2.1 and 3.4 GPa runs, as specified in Table 1 , were determined with a CAMECA SX100 electron microprobe at the EMMAC centre (The Edinburgh Materials and Micro-Analysis Centre), University of Edinburgh. It was not possible to retrieve and analyse the quenched sample from the 7.6 GPa run as a blowout occurred before quenching. The microprobe analyses were performed under "soft" operating conditions, in order to avoid any loss of Na and volatiles, with a 15 kV accelerating voltage, a defocused beam of 10 m and a current of 15 nA. We note that the parent glass and the run products have similar chemical compositions, given the analytical uncertainties, with the exception of the lack of iron in the run products, a result of the reaction between the Fe 2+ present in the parent glass with the Pt-Rh5% lids of the Paris-Edinburgh cell assemblies. The electron microprobe analysis of Br is hindered by the high ionization potential for the K-lines of Br, resulting in low count rates and the overlapping of the L-lines of Br and the K-lines of Al. The Br concentration of the parent and glasses quenched from high pressure was instead determined by Proton-induced X-ray emission (PIXE) analyses performed using a nuclear microprobe (LEEL, CEA/DSM/IRAMIS/SIS2M, CEA Saclay, France), using 3  3 µm 2 incident beams of protons at 3.2 and 2.5 MeV. Br was detected based on the K and K X-rays (11.92 and 13.29 KeV respectively). The details of the procedure are described in (Bureau et al., 2010) . The PIXE analysis yielded a Br concentration of 2.20 ± 0.13 wt% for the starting glass, which is identical to the Br concentration determined by electron microprobe analysis
within analytical uncertainties (see Table 1 ). The glasses quenched from high pressure were also studied by Scanning Electron Microscopy (SEM) with a Zeiss Ultra 55 field emission scanning electron microscope (SEM) with a working distance of 3 ± 0.2 mm and an acceleration voltage of 15 keV at the Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC), Sorbonne Universités, Paris, France (Fig. 1a) . A few sanidine crystals are noticeable in the vicinity of the capsule's walls, but these do not hinder the EXAFS analysis as the EXAFS spectra are representative of the sample in the centre of the capsule. The water content of the samples was determined by Raman spectroscopy measurements (le Losq et al., 2010) and by Elastic Recoil Detection Analysis (ERDA) (Khodja et al., 2001; Bureau et al., 2009) . Raman spectra were acquired at the IMPMC using the 1500 grooves/mm grating of the spectrometer and a 514 nm wavelength laser and are shown on Fig. 1b 
XAS data acquisition
XAS measurements at ambient and high P-T conditions were performed in transmission mode across the Br-K edge (13.47 keV) on the BM23 beamline at the European Synchrotron Radiation Facility (ESRF -Grenoble, France). Details of the beamline layout are reported elsewhere (Filipponi et al., 2000) . The storage ring was operating in the 16-bunch mode with an average current of 200 mA. X-rays were generated using a bending magnet, and monochromatised with a double-crystal, fixed exit Si(111) monochromator. The beamsize was 0.1  0.5 mm 2 . The energy of the EXAFS spectra was calibrated using a pellet of NaBr powder (Alfa Aesar) and no significant drift of the energy was observed for the duration of the measurements. EXAFS spectra of the Brbearing reference compounds listed in Table 2 (NaBrO 3 , KBrO 3 , NaBr, KBr, CaBr 2 and FeBr 2 ), the
Br-doped parent glasses and the glasses quenched from high-pressure (Table 3) were recorded in transmission from 13.30 to 14.30 keV with a total scan time of about 20 minutes. For the in situ measurements (Table 3) , the spectra were recorded in transmission between 13.30 and 13.71 keV with a total scan time of about 15 minutes.
EXAFS data analysis
The extended X-ray absorption fine structure (EXAFS) signal (χ) was first extracted using the ATHENA and ARTEMIS packages based on the IFEFFIT program (Ravel and Newville, 2005 ).
An average of 3 to 5 EXAFS spectra were first normalized to the absorption edge height. We used an automated background subtraction method (AUTOBK) developed by Newville et al. (Newville, 2001 ) and implemented in the ATHENA software. This method systematizes the k-space placement of the cubic spline function that is used to approximate the post-edge absorbance from an isolated atom. The placement of the spline is chosen so as to minimize the R-space features at distances that are well below the first atom-atom contact distance. This minimum R-space distance, R bkg , was chosen as 1.4 Å (Wallen et al. 1997; Evans et al., 2007 Evans et al., , 2009 ). The intensity of the jump was normalised to 1 and the position of the edge, E 0 , was calculated as the first maximum of the first derivative of the absorption spectra (~ 13.478 keV). EXAFS interference functions, (k), multiplied by k 2 to increase the signal at high k values, were exported into ARTEMIS. These data were Fourier transformed via a Hanning window and fit to the EXAFS equation (Newville, 2001 ) over a variable k-range depending on the sample analysed, the experimental conditions and the signal to noise ratio of the EXAFS spectra. A k-range of 2.25-10 Å -1 was used for the crystalline references, except for the NaBr and FeBr 2 model compounds for which a k-range of 2.25-8 Å -1 was used due to the lower quality of the data at high energy. For the glasses at ambient and the melts at high P-T conditions,
we used a k-range of 2-7 Å -1 , except for the glass quenched from high pressure recovered from the 2.1 GPa run for which a k-range of 2-6.5 Å -1 was used. The shorter k-range used for the fitting of the degree of disorder present in the signal, the amplitude reduction factor, S 0 2 , and the difference between the initial model nearest neighbour distance and the real distance, E 0 . All the fits were conducted with a k-weighting of 1 and 2 to decrease correlations between N and  2 (Pokrovski et al., 2013) . The fits were also performed assuming that the theoretical backscattering amplitude and phase shift functions could have absorber-scatterer distances that differ from the original model by a distinct number of Angstroms. The Debye-Waller factor,  2 , was fitted for all experimental spectra and set to the best fitted values for each spectrum to minimize errors and correlations between the derived structural parameters. The fitted values of E 0 never exceed 6 eV, confirming the validity of the fitting procedure. Finally, the third order anharmonic cumulant-expansion fitting parameter,  3 , which is a measure of the asymmetry in the signal disorder, was included in the fitting of the melts EXAFS spectra in order to partially compensate for the structural disorder due to the high P-T conditions. The goodness of the fits is expressed by the R-factor, which is a sum-of-squares of the fractional misfit between the model and EXAFS data (Newville, 2001) . Fourier transforms collected for the crystalline reference materials used to fingerprint the local structural environment of Br. Quantitative analyses of the XANES data were not performed in this study and only a qualitative description is presented. The XANES spectra absorption edge is found
Spectroscopic results
Reference materials
at E 0 = 13478 ± 0.5 eV for the bromide reference compounds and E 0 = 13480 ± 0.5 eV for the bromate oxides reflecting a change in Br formal charge from Br 2-(CaBr 2 , FeBr 2 ) and Br -(NaBr, KBr) to Br 5+ for the oxides. All the XANES spectra present a relatively broad white line that peaks at a 13482 ± 0.5 and 13484 ± 0.5 eV for the bromides and the bromate oxides respectively. They also exhibit noticeable differences in the shape of the absorption edge crest relative to the Br structural environment. The intensity of the absorption edge is greater for the Br oxides NaBrO 3 and KBrO 3 , while it is smaller for the bromide compounds with a minimum for NaBr bromide. The absorption edge crest of the KBr XANES spectrum splits into two components, as previously observed by Soldatov et al. (1993) and Freund et al. (1991) . These differences in the XANES spectra point to distinct structural environments of Br, which are also reflected in the corresponding EXAFS oscillations (Fig. 2b) where the frequency of the oscillations varies with the Br environment. We note that the period of the EXAFS oscillations is larger for the two oxides NaBrO 3 and KBrO 3 than for the bromide compounds. The differences in the k 2 (k) oscillations result in distinct Fourier transforms (FT), as shown in Fig. 2c for distances up to 5 Å. It should be noted that the spectra are uncorrected for the phase shift of the photoelectron wave. The peaks at ~1.30, 2.18, 2.33, 2.42 and 2.7 Å correspond to the distances of the first coordination shell of Br by O, Fe, Na, Ca and K atoms respectively, as explained hereafter. The position of each peak in the FT is phase-shifted to lower r by approximately 0.5 Å with respect to the actual average bond distance that corresponds to each peak. Theoretical backscattering amplitude and phase shift functions for Br-O, Br-alkali (Na and/or K), Br-Fe, and Br-Ca were calculated using the crystallographic structures of NaBrO 3 (Abrahams and Bernstein, 1977; Templeton and Templeton, 1985) , KBrO 3 (Templeton and Templeton, 1985; Szafranski and Ståhl, 1994) , KBr (Meisalo and Inkinen, 1963; Szafranski and Ståhl, 1994) , NaBr (Rao and Sanyal, 1990) , FeBr 2 (Wilkinson et al., 1959 , Haberecht et al., 2001 and CaBr 2 (Brackett et al., 1963; Kennedy and Howard, 2004) . The fitting routine was tested on the crystalline standards and the structural parameters derived from the
EXAFS analysis (Table 2) were found to be consistent with the relevant EXAFS literature (NaBrO 3 :
Feiters, 2004; KBrO 3 : Templeton and Templeton, 1985; NaBr and KBr: Lagarde et al., 1976; Freund et al., 1991; KBr: Di Cicco et al., 1996) . The EXAFS fitting models successfully identify the main contributions of O, Na, K, Fe and Ca in the first coordination shell around the Br atom for the reference compounds of interest. The coordination numbers, average distance to Br, Debye-Waller factor  2 , energy shift E 0 , amplitude reduction factor S 0 2 and R-factor determined for the reference compounds are presented in Table 2 and compare favourably with previous XRD structure refinements and XAS data. The analyses for these standards provided the atom pair correlations (or paths) for the atom clusters Br-O, Br-Na, Br-K, Br-Fe and Br-Ca which were used in the fitting routines for the high-pressure glasses and melts. The amplitude reduction factor, S 0 2 , was fitted for all crystalline references (Table 2 ) and set to the value obtained for NaBrO 3 (0.82 ± 0.04) for the analysis of the silicate glasses and high-pressure silicate melts.
High-pressure glasses and melts
The normalised Br K-edge XANES spectra of the parent glass, the in situ melts (M) at 2.1, 3.4 and 7.6 GPa and the corresponding glasses quenched from high pressure (Q) are shown in Fig. 3a .
Unfortunately it was not possible to record a spectrum on the glass quenched from 7.6 GPa as the cell blew out just before quenching. All the spectra exhibit a constant absorption edge at E 0 = 13478 ± 0.5 eV with a relatively broad white line with a maximum at 13482 ± 1.5 eV. The XANES spectrum of the parent glass is similar to those previously published for alkali bromide aqueous solutions (Evans et al., 2009 , Ferlat et al., 2001 , Louvel, 2011 . Changes in the shape of the XANES spectra are observed between the parent glass, the melts and the glasses quenched from high pressure, which suggests substantial differences in the local structure of Br at different P-T conditions. In general, the white line intensity increases with pressure. For example, the white line intensity increases from 1.32 for the parent glass to 1.51 for the quenched 3.4 GPa glass, and from A C C E P T E D M A N U S C R I P T The EXAFS oscillations for the glasses and melts are relatively weak and complex (Fig. 3b ). The damping of the EXAFS amplitude at high temperature probably arises from the structural disorder induced by the high temperature conditions. Due to the small amplitudes of these oscillations, the k 2 (k) have significant noise levels, especially for some of the high-pressure melts. As for the XANES spectra, the k 2 (k) EXAFS data vary between the parent glass, the in situ melts and the glasses quenched from high pressure. The EXAFS oscillations of the in situ melts and of the glasses quenched from high pressure appear to be composed of at least two sinusoidal signals with one having a phase shift twice as large as the other one. This is not completely reproduced in the EXAFS oscillations for the parent glass. These differences indicate that several pair correlations contribute to the EXAFS spectra of the glasses and melts, resulting in the distinct Fourier transforms which are shown uncorrected for the phase shift of the electron wave in Fig. 3c . The
Fourier transforms all exhibit the same features except for the parent glass. For the glasses quenched from high pressure and the melts, two main peaks are discernable at ~1.20 Å and ~2.70 Å with a shoulder at ~3.80 Å. The first peak at 1.20 Å approximately corresponds to the Br-O position determined for the oxide standards, while the second peak corresponds to the Br-alkali (Na or K) position determined for the reference compounds. As the literature on X-ray absorption of Br bearing compounds is relatively scarce, the aforementioned EXAFS results on crystalline references were used to model the local structure around Br in the glasses and the melts. The theoretical Br-O backscattering amplitude, phase shift function and amplitude reduction factor calculated for the crystallographic structure of NaBrO 3 (Abrahams and Bernstein, 1977; Templeton and Templeton, 1985, Feiters, 2004) were preferentially used to model the first peak in the Fourier transform of the EXAFS spectra for the glasses quenched from high pressure and the melts due to the similarities in the EXAFS signal and because a better fit was obtained. We then fitted the first Br-O contribution A C C E P T E D M A N U S C R I P T
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12 and the Br-alkali peak successively, using the theoretical Br-Na and Br-K backscattering amplitudes, phase shift functions and amplitude reduction factors calculated for the crystallographic structure of NaBr (Rao and Sanyal, 1990) and KBr (Meisalo and Inkinen, 1963; Szafranski and Ståhl, 1994) . The best results were obtained with the Br-Na contribution from the NaBr structure.
We therefore suggest that Br is preferentially surrounded by Na atoms instead of K atoms. We also fitted the EXAFS data with the theoretical Br-O and Br-Na backscattering amplitudes, phase shift functions and amplitude reduction factors calculated for the crystallographic structure of NaBrO 3 (Abrahams and Bernstein, 1977; Templeton and Templeton, 1985, Feiters, 2004) and obtained similar results. The EXAFS data along with the final fits are plotted in Fig. 3b&c . The results of the EXAFS analysis, including the fitting parameters, are reported in Table 3 .
The EXAFS parameters derived for the melts show that the first coordination sphere of Br is composed of oxygen atoms with a coordination number of ~ 2. The Br-O distance increases from 1.67 to 1.91 Å with the increase in pressure, as shown by the shift in distance of the corresponding peak (Fig. 3c ). The second coordination sphere is composed of an increasing number of Na atoms (from 5.8 to 6.6) situated at an increasing Br-Na distance of 3.49 to 3.72 Å with increasing pressure, which is also shown by the shift in distance of the corresponding peak (Fig. 3c ). The EXAFS parameters derived for the glasses quenched from high pressure show that the Br local environment of the glasses is not directly comparable to the melts. The two contributions Br-O and Br-Na have a lower coordination number and a slightly shorter distance from the central Br atom (Fig. 5a&b ). For the glass quenched from 2.1 GPa, the presence of a peak at 1.5 Å in the Fourier transform of the EXAFS oscillations clearly indicates the presence of a Br-O contribution but since it is relatively weak it was impossible to obtain a reasonable fit. The EXAFS results were therefore only modelled with a Na contribution, giving a slightly greater coordination and bond distance for the Na shell around Br than if the Br-O contribution could have been included.
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13 Because our EXAFS model does not reproduce the shoulder peak observed at 3.8 Å, we tested the possible presence of Ca, Si and Br atoms in the local environment of Br using Br-Ca correlations from the reference compounds, Br-Si correlations and Br-Br correlations respectively. However, these fitting models either did not give a reasonable fit to the experimental data or the fit quality was even worse. We cannot therefore attribute any of the above correlations to the peak that increases with pressure at 3.8 Å in the Fourier transform of the EXAFS data. The presence of Si in the immediate environment of Br is unlikely according to MAS-NMR and XAFS studies on analog high pressure Cl-bearing (alumino)silicate glasses (Evans et al. 2008; McKeown et al., 2011; Sandland et al., 2004; Stebbins and Du, 2002 ) that indicate that Cl is mainly coordinated to the network-modifying cations (e.g., alkali and alkaline-earth). In addition, Dalou & Mysen (Dalou & Mysen, 2015) explained in a recent study that there is no interaction between Si 4+ and Clin hydrous aluminosilicate glasses quenched from 1.5 GPa. Even if we cannot undoubtedly rule out the presence of minor amounts of Br bonded to network cations (Si 4+ and Al 3+ ), our structural model, represented in Figure 4 , shows that Br in silicate melts at high pressure is surrounded by an average of 6 Na cations at an average Br-Na distance of 3.61 Å in a structure similar to crystalline NaBr [or (Na,K)Br]. Similar structures have been suggested for Cl in Ca-bearing silicate melts by Evans et al. (2008) where Ca-Cl species could be found in a salt-like atomic arrangement and ionic bonding. Two oxygens form the closest coordination shell around Br ions. They originate either from a water molecule, an -OH molecule or from the tetrahedral silicate network at an average Br-O distance of 1.80 Å. The large errors on the coordination numbers are associated with the high Rfactor, which characterizes the quality of the fit, and may result from the in situ conditions, particularly the disorder induced by the high temperature.
An alternative fitting strategy was applied to the parent glass at ambient pressure because the above fitting procedure did not give a reasonable fit to the experimental data. The EXAFS Fourier transform shows two resolved peaks at ~0.90 Å and ~2.60 Å with a shoulder at 1.75 Å. Following
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ACCEPTED MANUSCRIPT 14 Louvel (2011), the fitting model combined the structure of a hydration shell [Br(H 2 O)n] and the structure from crystalline NaBr, with the Na-Br distance determined from the reference analyses.
The hydration shell was modelled by considering that Br is coordinated by 6 water molecules [Br(H 2 O) 6 ]with a mean Br-O distance of 3.40 Å (Ferlat et al., 2001; D'Angelo et al., 2010) . The EXAFS spectrum of the parent glass at ambient pressure is accurately modelled with a first hydration shell with 3.5 ± 0.7 water molecules (N Br-O (--H) ) at a mean Br-O (oxygen of solvating H2O molecules) distance of 3.36 ± 0.09 Å (Table 3 ) and a Br-Na shell with a coordination of 2.5 ± 1 and a mean Br-Na distance of 2.91 ± 0.37 Å. We attempted to apply this fitting procedure to the spectra of the other glasses and melts but were unable to obtain a reasonable fit to the experimental data.
This suggests that the direct environment of Br in the parent glass is hydrous.
Discussion
Bromine speciation at depth
Our EXAFS results shed light on the bromine speciation and its local environment in silicic melts at pressures of up to 7.6 GPa. Figures 5a and b pressure (parent glass) to an alkali structure at around 2 GPa as evidenced by Louvel (2011) and shown schematically in Figure 4 . Br association with Na and by extension Cl-Na association, are consistent with the enhanced solubility of halogens in silicate melts with an increase in the concentration of modifier cations (Webster and de Vivo, 2002, Bureau et Métrich, 2003) . In addition, Br is gradually surrounded by an increasing number of Na atoms at higher pressures (Fig.   5 ). In the melts and their quenched products, the Na coordination indeed increases from 5.8 to 6.6
with Br-Na relative distances increasing from 3.49 to 3.72 Å. A similar increase in coordination has
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15 been reported for the oxygen coordination of major elements (Si, Al, Fe) in glasses (Meade et al., 1992; Poe et al., 1992) and was later confirmed in silicate melts (Sanloup et al., 2013a (Sanloup et al., , 2013b . We report here a similar behaviour for a minor and volatile element.
At present, it is difficult to determine precisely the origin of the ~1.80 Å oxygen contribution. It may originate either from a water molecule, an -OH group or an oxygen from the silicate melt network as seen for Cl in Cl-bearing borosilicate glasses (McKeown et al., 2011) . Although the small increase with pressure in the white line intensity of the melts spectra could be consistent with a change of Br environment from bromide to bromate, there is no other evidence for such a dramatic change with pressure. A more likely explanation is that it is due to an increase in the local order around Br with pressure. For example, there is no change in the oxidation state of Br as the position of the edge of the EXAFS spectra, E 0 , remains at 13478 ± 0.5 eV for all the glasses and melts. The Br formal charge therefore remains the same and cannot be used to decipher the bonding origin of the oxygen contribution. The presence of a H 2 O "hydration shell" around Br in the melt at high pressure appears plausible as the melts contain about 4 wt% dissolved H 2 O. However, this hypothesis is not supported by results from NMR studies on hydrous Cl-bearing (alumino)silicate glasses quenched from 0.8 GPa (Sandland et al., 2004) which show no evidence for the replacement of Na + by H 2 O (or OH groups) in the neighbouring shell around the halide ions in glasses containing up to 5.5 wt% H 2 O. The presence of the oxygen atom from a water or -OH molecule at such a short distance from Br could also be due to the proximity of a water molecule linked to the alkali "salt-like" structure of Br atoms in the melt. Indeed, 29 Si, 27 Al and 23 Na NMR studies of hydrous aluminosilicate glasses indicate that the hydration sites in the structure are preferentially located around alkali ions (Kohn, 2000; Schmidt et al., 2001) . The fact that the oxygen coordination remains constant and equal to 2 within uncertainties while the Br-O distance increases from 1.67 to 1.81 Å could be another indication that this oxygen contribution arises from the proximity of a water molecule linked to one of the alkali ions of the salt-like structure with the greater Br-O distance observed with pressure being due to the increasing distance of the Br-Na bonds.
Finally, the quantitative EXAFS results presented here suggest that there is a slight structural difference between the melts and their glasses quenched from high pressure. The results reveal a slightly larger coordination of Br by Na and O atoms and slightly longer bond distances for the in situ melts than for the glasses quenched from high pressure, notably for the 3.4 GPa run. The greater distances observed for the melts are most likely due to thermal disorder and the thermal expansion of the bond distances (Mysen and Richet, 2005) . However, we note that the overall alkali "salt-like" structure of Br in the melts and in their quenched product remains comparable.
Geological implications
In a recent state-of-the-art study on the role of halogen elements in igneous processes, Pyle and Mather (2009) clearly pointed out the lack of knowledge of the heavy halogens Br and I, compared
to Cl or even F. Br has a low abundance in Earth's volcanic and mantle rocks (Newsom, 1995) , from ppb to ppm in order of magnitude. These low abundances partly explain why it has been poorly studied and why much remains to be learned about it. Our results on the speciation of Br in high-pressure melts emphasize the influence of pressure on the speciation of Br in geologically relevant silicate melts. The changes observed in Br speciation with pressure and the observed Br-Na complexation in melts are consistent with the available experimental data for Br partitioning between fluids and melts and with the enhanced solubility of halogens in silicate melts with increasing concentration of network modifying cations (Bureau et Métrich, 2003) . Indeed, Br solubility has been shown to be very high in hydrous alkali silicic melts (thousands of ppm to wt.% depending on the bulk composition), which is similar to Cl solubility in hydrous silicic melts (Bureau and Metrich, 2003) . In addition, Br (halogens) complexation with alkalis may be an efficient mechanism for the transport and recycling of halogens, although "diluted" fluids produced by the dehydration of the slab may be the main carriers of halogens in subduction zones (Louvel, 2011 , Bureau et al., 2010 . Our results suggest that if part of the halogen elements are retained in the slab after the first dehydration steps liberating aqueous fluids, they could later be partially removed by hydrous melts produced at greater depths or by complex fluids with a high fraction of dissolved silicates (Hermann et al., 2006; Kessel et al., 2005; Manning, 2004) , contributing to recycling an important fraction of halogens in subduction zones. Although the silicic melt investigated is different from the magma produced by mantle melting upon fluid release, as we had to investigate a composition with a great Br solubility to record good EXAFS spectra, we suggest that the incorporation of Br in the structure of silicate melts at high pressure should favour their transport from the slab to the mantle wedge and most likely to the volcanic arc. Halogens in the volcanic arc are strongly involved in mantle fertilization processes (John et al., 2011) and may play a critical role in volcanic degassing by influencing the properties of the magmas (e.g. viscosity, phase relations, diffusion) (Aiuppa et al., 2009) . Indeed, natural volcanic products related to subduction zone volcanism are enriched in halogen elements (Roggensack et al., 1997; Wallace, 2005; Straub and Layne, 2003, Kent et al., 2002) and it has recently been confirmed that subduction zones may be a major source of halogen elements in the Earth's mantle (Kendrick et al., 2014) .
The presence of Br in the melt structure at high pressure and the increasing number of Na atoms in its local environment with increasing pressure show that Br has the potential to be stored deeper in Earth's mantle than previously supposed. This could explain the traces of Br detected in inclusions trapped in ultra deep eclogitic diamonds (Johnson et al., 2000; Burgess et al., 2002) . Finally, the differences observed between the parent glass quenched under low pressure (0.2 GPa) and the melts or glasses quenched from high-pressure implies that glasses quenched from ambient pressure may not be good candidates to represent the local environment of volatile elements in silicate melts at high pressure. It also confirms the high values of Br partitioning between fluid and glass obtained by Bureau et al. (2010) that showed that almost all of the Br contained in the melt was exsolved into
the aqueous fluid during the experimental quench at low pressures (< 1.7 GPa). Such results could indicate that the shallow repartitioning of the halogens, during the Hadean when the Earth was a magma ocean, was determined by water degassing. Indeed, if we assume that the halogen cycle is linked to the Earth's water cycle, halogen elements may have been efficiently degassed during the early stages of an oxidized magma ocean.
Conclusion
Our results show that Br anions form NaBr complexes in the hydrous melts under pressure. BrOH complexes are also probably formed but further investigation is needed to elucidate the origin of the Br-O contribution present in our work. The increase with pressure of the mean coordination of Na ions around Br, a minor and volatile element, is similar to that observed for the oxygen coordination of major elements. In addition, our results confirm that Br can be more concentrated in the hydrous silicate melt or supercritical melt as compared to aqueous fluid when pressure (i.e. depth) increases (Bureau et al., 2010) and support the idea of a deep recycling of Br, at least at depths of >150 km in the upper mantle, i.e. deeper than the location of arc magma genesis where the presence of Br has been found in saline inclusions in natural diamonds from the upper mantle (Johnson et al., 2000) .
Furthermore, the results suggest that Br, and by extension Cl and I, are efficiently degassed with water during eruption and that Br may also have been efficiently degassed with water during the early stages of an oxidized magma ocean. Figure 1: a) SEM image of the glass quenched from 3.4 GPa recorded at IMPMC, CNRS, Paris showing the homogeneity of the quenched sample as well as the lack of large scale crystallization of the high-pressure recovered quenched sample. The 0.1  0.5 mm 2 EXAFS beam was centred in the middle of the capsule. b) Raman spectrum of the glass quenched from 3.4 GPa plotted after baseline subtraction. The water content was determined after calculating the ratio, Rw/s, between the "silicate" region's area, As, and the "water" region's area, Aw, as Rw/s = Aw/As, then correlating it with the empirical calibration of Le Losq et al. (2010) . The water content was determined after calculating the ratio, Rw/s, between the "silicate" region's area, As, and the "water" region's area, Aw, as Rw/s = Aw/As, then correlating it with the empirical calibration of Le Losq et al. (2010) .
Figures
Figures 2:
Normalized X-ray absorption spectra (a), k 2 -weighted (k) EXAFS oscillations (b) and Fourier transforms (c) for crystalline bromine model compounds at ambient conditions. The spectra have been shifted in the vertical direction for clarity. Red dashed lines are least-square fits performed using IFEFFIT. Contributions around the Br atom arising from the first neighbours are labelled. Peak positions are uncorrected from backscattering phase shift (c). The corrected interatomic distances are reported in Table 2 . For reason of clarity the amplitude of the k 2 -weighted (k) EXAFS oscillations and Fourier transforms of NaBrO 3 and KBrO 3 reference compounds have been divided by two.
Figures 3:
Normalized X-ray absorption spectra (a), k 2 -weighted (k) EXAFS oscillations (b) and Fourier transforms (c) for the starting glass at ambient pressure, the glasses quenched from high pressure (Q) and the melts (M) at the pressure indicated in GPa. Red dashed lines are least-square fits performed using IFEFFIT. Peak positions are uncorrected from backscattering phase shift (c). The corrected interatomic distances are reported in Table 3 .
Figure 4:
Schematic representation of the Br speciation in high-pressure silicate melts. The proposed model obtained from the EXAFS experiments shows a transition in Br speciation from a Br[Na x (H 2 O) y ] complex at low pressure (parent glass) to a Br atom surrounded by an increasing number of Na ions with one or two oxygen atoms at P ≥ 2 GPa. Colour code is the following: Br (large green), Na (large purple), O (light blue) and H (pink) . The lines between the Na atoms are guides to the eyes.
Figure 5:
Evolution of (a) bromine coordination numbers (N Br -O..H , N Br-O and N Br-Na ) and (b) distances (Br -O..H, Br-O and Br-Na) as a function of pressure for the melts (open symbols and dashed lines) and the glasses quenched from high pressure (plain symbols and line).
